• A silica-supported nickel nanocatalyst was prepared by oleylamine-modified impregnation method • Oleylamine was added to the precursor solution to improve Ni dispersion and Ni-silica interaction • The modified catalyst showed high catalytic activity for the partial oxidation of methane
Steam reforming and catalytic partial oxidation of methane (CPOM) are the important processes in the hydrogen production [1] . CPOM is a slightly exothermic process and occurs more rapidly than the steam reforming, thereby permitting the use of a small reactor volume and consequently some economic advantages in hydrogen production [2] [3] [4] . In addition, CPOM process generates a favorable H 2 /CO ratio, suitable for methanol or Fisher-Tropsch synthesis [5] [6] [7] [8] . Noble metals (Rh, Pt, Ru and Ir) are highly active and selective catalysts for CPOM. However, for industrial applications, nickel catalysts have been mainly used because nickel is much cheaper and more available than noble metals [9] [10] [11] [12] [13] [14] [15] .
Activity and stability of the catalyst also depend on the nature of its support. Among different binary oxides, alumina is an important catalyst support in the CPOM reaction. The main advantage of this oxide is related to its acid/base characteristics facilitating interaction between the metal species and alumina surface [16] . Furthermore, silica has better textural property than alumina and it is a suitable porous sup-port for catalyst preparation [17] . Unlike alumina support, silica interacts with metals weakly and preparation of highly dispersed metal active sites on the silica surface is more difficult. It would be more interesting to prepare a silica-supported catalyst with high surface area and with improved metal-silica interaction. In practice, high dispersion of active sites on the silica could be achieved by applying innovative synthesis methodology, such as emulsion or sol-gel [13, 18] .
The wet impregnation method is one of the conventional processes for preparing the solid catalyst and it works best if ion/solid interaction is involved [19] . The first step of the wet impregnation, deposition of metal ions on the surface support is very important, and this step affects quality of the final catalyst. Various techniques have been investigated in order to modify the wet impregnation for preparation of the high dispersion catalysts, such as the addition of ammonia, ethylene diamine or ethylene glycol into the impregnation solution [20] [21] [22] [23] [24] [25] . Usage of organic additives, such as polyols, sugars or polyacids and α-or γ-cyclodextrin is efficient route to optimize metal dispersion over an alumina or silica support [26, 27] .
An effective approach to decrease the metal particle size is the addition of organic compounds that could coordinate with metal cation. Oleyamine is a long chain alkyl amine, which could act as a solvent, surfactant, reducing or capping agent for the synthesis of nanoparticles [28] . Although oleylamine (OAm) is insoluble in water, it exhibits high affinity to metals through its -NH 2 functional groups. According to the recent research study, OAm-capped Ag nanoparticles were successfully synthesized in aqueous solution. Although oleylamine was hydrophobic, it had functionalized Ag particles in an aqueous media [29] .
According to the literature, to date, no researcher has used oleylamine as a modifying agent for catalyst preparation. In the present work, using oleylamine in the impregnation solution, a modified 5% Ni/SiO 2 catalyst was produced. The catalytic performance of the modified catalyst was studied for partial oxidation of methane and compared with conventional catalyst. The prepared catalysts were characterized by XRD, FTIR, TPR, N 2 -physisorption and TEM analyses to elucidate their catalytic performance.
EXPERIMENTAL

Catalyst preparation
A 5% Ni/SiO 2 catalyst was prepared as follows: Ni (NO 3 ) 2 ⋅6H 2 O was dissolved completely in 10 ml of distilled water and then 2 ml of oleylamine (OAm) was added to the solution under magnetic stirring. Then, 1 g of the porous silica gel (granulometry: 63-200 µm) pretreated under vacuum at 160
°C for 6 h, was introduced into the reaction vessel and the resulting suspension was evaporated slowly at 40 °C , under mild stirring for 24 h to obtain a wet gel. Thus obtained product was dried under vacuum and finally calcined for 4 h at 500 °C in order to be considered as a modified catalyst. An unmodified 5% Ni/SiO 2 catalyst was also prepared using the same procedure, but without oleylamine addition. All the chemicals used were analytical reagent grade and obtained from Merck and Aldrich Companies. For the sake of convenience, the modified and unmodified catalysts were denoted as M-Ni/SiO 2 and UM-Ni/SiO 2, respectively.
Catalyst characterization X-ray diffraction (XRD) was used to investigate the crystalline phases of the Ni species in the catalysts. The XRD patterns were collected by a D 8 -Advance Bruker diffractometer with CuKα radiation (λ = = 1.5406 Å) in a step scanning mode over 2θ angle between 10 and 80° at a scan speed of 1.5°/min.
The functional groups of the catalysts were investigated by Fourier-transform infrared spectroscopy (FTIR) using a Matson 1000 spectrometer. The spectrometer was used in the transmission mode with a resolution of 5 cm -1 in the range of 400-4000 cm -1 . The specific surface area and pore size distribution of the calcined catalysts were measured by analysis of nitrogen isotherms collected at 77 K using a BEL Sorp adsorption-desorption apparatus. Prior to the measurements, the samples (0.1 g each) were degassed at 573 K for 2 h under vacuum.
The reduction behavior of the catalysts was characterized by using temperature-programmed H 2 reduction (H 2 -TPR). The TPR test was carried out according to the following procedure: 50 mg of each sample was loaded into U-shaped quartz reactor and heated up to 1000 °C in a flow of 7% H 2 /Ar gas mixture (20 ml/min) at the heating rate of 10 °C/ min. The H 2 consumption was monitored with a thermal conductivity detector (TCD). It should be noted that XRD, FTIR and TPR analyses were carried out on the calcined catalysts.
The Ni dispersion on the catalyst samples was examined by transmission electron microscopy (TEM) using a Philips CM20 instrument. Prior to TEM analysis, the catalysts were reduced in a flow of 5 vol.% H 2 at 800 °C for 1 h and then ultrasonically dispersed in ethanol. The obtained suspension was deposited on a carbon-coated copper grid.
Catalyst testing
The partial oxidation of methane was carried out in a quartz fixed-bed reactor with a 7.0 mm inner diameter and 43 cm in length, at atmospheric pressure. The reaction temperature was controlled by an electrical tube furnace and a digital temperature controller (TC NX4 Han young). The gas flow rates were adjusted by mass flow controllers (Alicat). For the reaction study, 100 mg of the reduced catalyst was loaded into the center of the reactor. Subsequently, the bed temperature was increased to 700 °C at a heating rate of 10 °C/ min. Argon was passed through the reactor during heating. Gas feed, consisting of CH 4 , O 2 and Ar (high purity, 99.999%) with mole ratio of 2/1/4, entered into the reactor with a flow rate of 50 ml/min. The water vapor in the product stream was condensed and separated by cool trapping. The reaction products were analyzed by an online gas chromatograph (GC-2550 TG) equipped with a TCD using Ar as the carrier gas. The mass balance of carbon and hydrogen is typically within a ±5% error range. The conversion of CH 4 ( 
RESULTS AND DISCUSSION
Characterization
The XRD patterns of M-Ni/SiO 2 and UM-Ni/SiO 2 are presented in Figure 1 . A broad peak around 22°, related to the amorphous structure of the SiO 2 , appeared in both catalysts spectra [30] . The characteristic peaks at 37, 43, 63 and 72° related to the NiO phase are clearly observed in UM-Ni/SiO 2 and these peaks are entirely matched to (111), (200), (220) and (311) crystal planes, respectively.
As evident in Figure 1 , the NiO characteristic peaks are broad for M-Ni/SiO 2 , indicating that the NiO species are small enough in size to be highly dispersed on the support surfaces. The NiO crystallite size in M-Ni/SiO 2 and UM-Ni/SiO 2 samples, estimated according to the XRD patterns, were 5.4 and 10.8 nm, respectively (Table 1 ). The FTIR spectra of silica gel, M-Ni/SiO 2 and UM-Ni/SiO 2 are shown in Figure 2 . According to the FTIR spectrum of silica gel, the specified types of silica structural bands are visible. A broad band at around 3447 cm -1 is related to -OH groups (hydrogen bond), which can be attributed to Si-OH vibrations. The bands observed at 1100 and 807 cm -1 indicate Si-O-Si and Si-O vibrations, respectively. The free water adsorbed on the silica surface is characterized by a band at 1618 cm -1 [31] . Some researchers determined that in the case of Ni/SiO 2 catalyst, the characteristic vibrations of silica are affected by the NiO species, so that the effect is more evident in the samples containing higher nickel loading. The band intensities slightly increase with the increase of Ni content [30] . Compared to UM-Ni/SiO 2 FTIR spectrum, the Si-O bands and O-H band in M-Ni/SiO 2 are seen with higher intensity (Figure 2 ). Since Ni loading in both catalysts is equal, these results indicate that the distributed species of NiO in M-Ni/SiO 2 are smaller size than in UM-Ni/SiO 2 . Figure 3A shows N 2 -physisorption isotherms of the calcined catalyst samples. Isotherms hysteresis loops in both catalysts seem to be of type H1, as defined by IUPAC [32] . Type H1 is often related to porous materials which consist of agglomerates of approximately uniform spheres. Figure 2 . FTIR spectra of the silica gel and calcined catalyst samples. Table 1 shows the specific surface area and pore volume of the silica gel and the two calcined catalysts. In comparison to silica gel as pure support, the BET surface area of both catalysts is decreased. This decrement could be the result of pore blockage after the metal oxide impregnation or pore collapsing due to the further heating and phase reconstitution.
Although, the pore volume of the catalyst samples is approximately the same, but the specific surface area of the modified catalyst (303 m 2 /g) is higher than the unmodified catalyst (270 m 2 /g). This result indicates that the M-Ni/SiO 2 catalyst has smaller pores than the UM-Ni/SiO 2 catalyst, as confirmed by the pore size distribution of the catalysts ( Figure 3B ). Therefore, it seems that the M-Ni/SiO 2 catalyst with higher specific surface area and smaller pore size could show greater activity and selectivity in the partial oxidation of methane.
TPR analysis is used mainly in catalysis research to evaluate the interaction of active metal site with the oxide support [33] . Figure 4 shows TPR profiles of the catalyst samples. According to the TPR profile of UM--Ni/SiO 2 , the reduction peak around 380 °C is related to free NiO particles and the peak around 430 °C could be assigned to NiO species that interacted weakly with silica [34] . Based on the TPR results of UM-Ni/SiO 2 , it is anticipated that during CPOM reaction, the NiO species could be sintered and that catalyst could become quickly deactivated. The TPR profile of M-Ni/SiO 2 showed that the most of the reduction reactions occurred at around 650 °C, as con- cluded by the majority of NiO species strong interaction with the silica support. Table 2 shows the TPR hydrogen consumption and the amount of reduced NiO in catalyst samples. Although, M-Ni/SiO 2 catalyst showed difficult reducibility, the majority of the NiO species were reduced after high temperature reduction. Based on calculating the TPR peak area of both catalysts. Before calculating the area of the TPR peak, the baseline of the TPR graph was corrected XRD and FTIR analyses reasonably indicated that the NiO species in M-Ni/SiO 2 were very small, as clearly proved by TEM images ( Figure 5) . Figure 5A represents a TEM image of the modified catalyst (M-Ni/SiO 2 ). As clearly observed, small Ni species are homogeneously dispersed in the catalyst, so that the average size is about 5 nm. This result relates to the enhanced interaction between Ni and silica (see TPR results). Based on Figure 5B , the catalyst prepared by conventional method (UM-Ni/ /SiO 2 ) resulted in larger Ni species and lower dispersion than the modified catalyst.
Catalytic performances CH 4 conversion, H 2 yield and CO selectivity of the catalysts are presented in Figure 6 .
It is obvious that both catalysts showed higher performance at the beginning of reaction, although Figure 5 . TEM images of reduced catalysts: A) M-Ni/SiO 2 and B) UM-Ni/SiO 2 ; the Ni particle size distribution was obtained by measuring at least 100 particles; the average Ni particle size (nm) was calculated by the following normal statistical formula:
the unmodified catalyst (UM-5% Ni/SiO 2 ) presented lower overall performance and deactivated rapidly (conversion: 77 to 33%, H 2 yield: 71 to 40% and CO selectivity: 92 to 69%). Also, these results indicate that H 2 yield and CO selectivity decreased as methane conversion decreased (based on experimental observations, the rate of water formation in trap is increased). The modified catalyst (M-5% Ni/SiO 2 ) showed 91% CH 4 conversion, 86% H 2 yield and 95% CO selectivity, and these results almost remained constant within 5 h reaction on stream. According to the literature, the weakly interacting Ni species in Ni/SiO 2 catalyst has been reported as the "free state" of the Ni active phase because of its mobility, which leads to migration and aggregation of the particles at high temperatures [35, 36] . Based on TPR results (Figure 4) , there are weak interactions between Ni species and silica surfaces in UM-Ni/SiO 2 catalyst. Therefore, it seems that Ni sintering is a major reason for the deactivation of UM-Ni/SiO 2 catalyst. However, in M-Ni/SiO 2 , nickel species are highly dispersed on the catalyst and the enhanced interaction between Ni species and silica surface might be responsible for its high activity and good resistance to agglomeration of the nickel particles. In addition, since the carbon balance (>95%) had not changed noticeably during the reaction, it seems that the deactivation of UM-Ni/SiO 2 catalyst was not related to coking.
Effect of oleylamine. The results section was devoted to the characterization and catalytic activity of the catalyst samples and it was concluded that oleylamine-modified impregnation method had significant effects on the structure of the synthesized catalyst due to improvement of metal-support interaction and nickel particle size reduction. In this section, the authors would like to highlight the possible interaction between Ni ions and silica surfaces in the first step of the impregnation process, in the absence and presence of oleylamine, which would help understand how oleylamine improves the structure of the catalyst.
The impregnation procedure could be described by the concept of interfacial coordination chemistry [37] . The main step in this process is the adsorption of transition-metal complexes on the oxide surfaces. The adsorption could be explained in terms of electrostatic interaction of the cationic complex with a negatively charged surface and inner-sphere complex formation where specific surface groups substitute some of the original ligands of the complex [38] . According to Kiselev-Zhuravlev model (2000), amorphous silica possesses about 4.9 OH per nm 2 , approximately half of them present in the vicinity as proposed by the model [39] . Surface silanol groups act as an amphoteric material and depending on the solution pH and exist as SiOH, SiO -or SiOH 2+ species. At pH values higher than the isoelectric point of silica gel (pH ≈2.2), negative charge is present on the silica surface [37] . However, negative charge carried by a silica surface at pH <8 is low [38] . When nickel (II) nitrate is dissolved in water, an aqueous Ni com-
) is formed (under ambient conditions) [40] . When the Ni solution (pH 4.8) is impreg-nated onto silica gel, some of the Ni aquo complexes are adsorbed by negative charge on the silica surface and could be grafted onto the silica, through the substitution of water ligands by SiO -surface groups (Scheme 1A). On the other hand, Ni aquo complexes are linked together via water molecules, which may cause condensation of the complexes by olation or oxolation bridge between the two complexes [21] . These processes result in polynuclear species which leads to large distributed Ni species during drying and calcination treatment. These large species could be sintered and completely separated from silica under high temperature conditions. The TPR results of UM--Ni/SiO 2 (Fig 4) confirmed this conclusion, especially when the free NiO particles were observed in the catalyst.
Scheme 1B shows the suggested interaction of nickel with silica in the presence of oleylamine. It seems that reaction of oleylamine (OAm) with Ni(II) ion at 4:1 molar ratio, results in the formation of [Ni(OAm) 4 
2+ complex. Although oleylamine (OAm) is insoluble in water, it exhibits high affinity for metal ions through its -NH 2 functional groups. When the modified solution (pH=8.2) is impregnated on silica gel, the amount of negatively charged SiO -groups are increased. Therefore, number of the grafted Ni species is increased. In addition, the grafted complexes are protected by hydrophobic head of OAm molecules and the condensation reactions could not occur. As a result, during removal of the OAm ligands by calcination, the grafted complexes transform into small Ni species that strongly interact with the support. According to the FTIR results (Fig 2) carbon vibration band was not observed in the FTIR spectrum of the M-Ni/SiO 2 catalyst, indicating that no carbonaceous residues remain on the fresh catalyst surface. This result proves that all of the organic matter was removed after calcination treatment.
CONCLUSION
In this work, a modified 5% Ni/SiO 2 catalyst (M--Ni/SiO 2 ) was prepared by impregnation method using Ni(NO 3 ) 2 ⋅6H 2 O as a nickel precursor, oleylamine as a capping agent and silica gel as a support. XRD, FTIR, TEM, N 2 physisorption and TPR analyses of the M-Ni/SiO 2 catalyst indicated that Ni species were small enough and interacted strongly with silica surfaces. The catalyst performance was evaluated for partial oxidation of methane and results showed excellent activity and stability compared to the unmodified catalyst (UM-Ni/SiO 2 ).
The preparation of impregnated catalysts is a complex process. The chemistry that occurs in the impregnation solution is of great importance and could be used to vindicate obtained results. In aqueous solution, Ni ions could form polynuclear species and could not interact with the silica surface strongly, which resulted in Ni species agglomeration during calcination treatment. To the contrary, [Ni(OAm) 4 complex was formed between Ni ion and oleylamine, which is effective for Ni species being isolated on the support surfaces. The strong interaction of the small Ni species with silica improves the catalytic performance of M-Ni/SiO 2 for the partial oxidation of methane.
